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Abstract
Growth of artiﬁcial pinning centers (APCs) in YBa2Cu3O7−δ (YBCO) ﬁlms are discussed. The APCs used in this
research are BaZrO3 and BaSnO3 nanorods which are reported by Mele et al. TEM images show these nanorods
gradually bend accordingly with approaching to a surface of ﬁlms. This feature showed a growth pattern like a ﬁrework.
We explain the feature of the nanorods as follows; At an early growth stage, ﬁlms grow in a layer by layer growth mode.
The surface of the ﬁlms is ﬂat and very smooth. After the early growth stage, the ﬁlm surface gradually becomes rough,
indicating the ﬁlm grows in a Stranski-Krastanov growth mode. This roughness was caused by a spiral growth of ﬁlms
with many steps. At the step of YBCO ﬁlms, nanorod materials such as BaZrO3 are supplied from one direction. Then,
the center of nanorods sifts to the same direction of the step ﬂow. Then, the nanorods bend to the edge of the grains in
the ﬁlms. As a grain in spiral growth had a convex surface, nanorods bent to the direction perpendicular to the grain
surface. Finally, nanorods in rough grains form ﬁrework structures.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
High critical temperature superconductors (HTSs) are very promising materials, because, no other ma-
terials can feed electrical currents without energy dispersions at as high as a liquid nitrogen temperature.
However, HTSs have anisotropic crystal structures as well as transport properties[1, 2]. Critical current den-
sity (JC) of high TC superconducting ﬁlms is relatively lower than that of low TC metal superconductors in
magnetic ﬁelds. In order to apply high TC superconductors for power applications, JC’s in magnetic ﬁelds
must be as high as those of metal superconductors.
The c-axis oriented YBa2Cu3O7−δ (YBCO) thin ﬁlms for coated conductor applications have anisotropic
behaviors of JC in magnetic ﬁelds[3]. The JC in a magnetic ﬁeld of B parallel to the c-axis of YBCO is
much lower than that in a magnetic ﬁeld of B parallel to the a/b-axis of YBCO[4]. Then the most important
subject to be achieved is increasing JC of high TC superconductors in a magnetic ﬁeld of B parallel to the
c-axis. Many papers have appeared for the introduction of artiﬁcial pinning centers[5, 6, 7, 8, 9].
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Recently, Mele et al. reported ultra high ﬂux pinning properties of BaZrO3 and BaSnO3 doped YBCO
thin ﬁlms[10]. In the report, nanorods grow straight at the early growth stage, and then bend gradually. The
bending curvature strongly aﬀects JC of the ﬁlms. Then control and understanding of the bending is one of
the most important issues. However, there are no explanations for the bending.
In this paper, we discuss the bending of nanorod growth from growth mode of YBCO ﬁlms.
2. Experimental
YBCO ﬁlms with BaZrO3 (BZO) nanorods and those with BaSnO3 (BSO) nanorods were grown by
pulsed KrF excimer laser deposition using YBCO + 4 wt% BZO and YBCO + 4 wt% BSO targets, respec-
tively. An oxygen partial pressure of 200 mTorr, laser energy of 340 mJ/pulse on SrTiO3 substrates and a
substrate temperature of 800 ˚C were used to deposit all the YBCO ﬁlms. Thickness of the ﬁlms are roughly
1μm.
Cross-sectional transmission electron microscope samples are fabricated by using a focused ion beam
micro-sampling technology. The lattice images of the ﬁlms were observed by a transmission electron mi-
croscopy (TEM). Grains and their grain size are observed by an atomic force microscope (AFM).
3. Results and discussion
Obtained YBCO ﬁlms are c-axis oriented. Details of JC properties of the ﬁlms are reported elsewhere[10].
We examined the TEM images of nanorods in YBCO ﬁlms. Figure 1 shows (a) a planar view TEM image
and (b) a cross-sectional TEM image of the ﬁlms. From Fig. 1(a), we can ﬁnd ﬁreworks with diameters of
200 nm-500 nm. From Fig. 1(b), nanorods are straight at the early growth stage, and gradually bend away
from the center.
Next, we look into a one ﬁrework in the planar view TEM image. Figure 2 shows a magniﬁed planar
view TEM image of a ﬁrework. At the center of the ﬁrework, there exists a straight nanorod. Length of
Fig. 1. (a) a planar view TEM image and (b) a cross-sectional TEM image of the ﬁlms.
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Fig. 2. A magniﬁed planar view TEM image of a ﬁrework.
nanorods is seen to be longer at the edge of the ﬁrework than that at the center of the ﬁrework in the TEM
image. It means bending angle of nanorods from a perpendicular line to the substrate surface is large at the
edge of the ﬁrework. Some nanorods around the center of the ﬁrework almost aligned along the neighbor
nanorods to the edge of the ﬁrework. It means nanorods like to grow above nanorods.
Next we will discuss about formation of ﬁrework structures. We focus on diameter of a ﬁrework and
grain size of the ﬁlms. From Fig. 1(a), ﬁreworks have diameters around 200 nm-500 nm as mentioned
㻡㻜㻜㼚㼙
Fig. 3. A typical 2μm square AFM image of YBCO ﬁlms.
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Fig. 4. A magniﬁed cross-sectional TEM image of the ﬁlm at the surface. An arrow shows a step which is caused by a diﬀerence of
height between grains.
above. Figure 3 shows a typical 2μm square AFM image of YBCO ﬁlms. Grain size is almost the same size
as that of ﬁreworks around 200 nm-600 nm.
We investigate cross-sectional TEM images as shown in Fig. 4. We can ﬁnd a step on the surface of
the ﬁlm as indicated by an arrow. Beneath the step, nanorods from two adjacent ﬁreworks meet each other.
Then the boundary of ﬁreworks is thought to be a boundary of grains. The step is a diﬀerence of height
between grains. Consequently, one ﬁrework is thought to be composed of nanorods grown in one grain.
Next we explain the bending of nanorods in a view point of growth of YBCO thin ﬁlms. YBCO ﬁlms
grow in a stranski-krastanov mode[11]. In a stranski-krastanov mode, YBCO ﬁlms grow in a layer by layer
substrate
Fig. 5. A schematic drawing of a Stranski-Krastanov growth mode.
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Fig. 6. A schematic drawing of bending growth of nanorods in a convex grain. At the ﬂowing steps of the grains, nanorod materials
such as BaZrO3 and/or BaSnO3 are supplied to the nanorods from one direction.
mode at an early growth stage. After the layer by layer mode, the ﬁlm surfaces change to island growth with
rough surface and form grains as shown in Fig. 5. Usually, grains of YBCO with rough surface are high at
the center when the ﬁlms become thick. Typically, these grains have a spiral dislocation at the center. These
spirals have many steps at the surface. The steps ﬂow from the center of the grain to the edge of the grain
as the ﬁlm grows. At the ﬂowing steps of the grains, nanorod materials such as BaZrO3 and/or BaSnO3 are
supplied to the nanorods from one direction. Because the other side of nanorods are covered by the YBCO
steps. Then, the center of nanorods sifts to the same direction of the step ﬂow. It means nanorods are also
step ﬂow when the steps of YBCO ﬁlm come.
Figure 6 shows a schematic drawing of ﬂowing steps and nanorods on the left and ﬁnal feature of the
nanorods in the grains are indicated on the right. From the above considerations, the straight nanorod as
shown in the center of the ﬁrework of Fig. 2 maybe the nanorod grew close to the center of the spiral
dislocation. This growth mechanism is very similar to the eutectic cell growth of Sn-Ca alloys[12]. We
believe bends of nanorods are caused by tilted surface of YBCO grains with step ﬂow growth of YBCO
ﬁlms.
4. Summary
Bending of nanorods grown in REBCO ﬁlms were discussed according to the stranski-krastanov ﬁlm
growth mode of REBCO ﬁlms. At an early growth stage, ﬁlms grow in a layer by layer growth mode. The
surface of the ﬁlms is ﬂat and very smooth. However, after the early growth stage, the ﬁlm surface gradually
becomes rough, indicating the ﬁlm grows in a Stranski-Krastanov growth mode. This roughness was caused
by a spiral growth of ﬁlms with many steps. At the step of YBCO ﬁlms, nanorod materials such as BaZrO3
are supplied from one direction. Then, the center of nanorods sifts to the same direction of the step ﬂow.
Then, the nanorods bend to the edge of the grains in the ﬁlms. As a grain in spiral growth had a convex
surface, nanorods bent to the direction perpendicular to the grain surface. Finally, nanorods in rough grains
form ﬁrework structures.
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